Polish sediment-hosted stratiform copper deposits associated with Zechstein sediments are one of the country's most valuable natural resources and the basis for its copper industry. The paper presents the history of their research and current exploration. Although documented deposits and their identified resources are described and characterized, much attention is paid to areas located outside of them, including those where geological exploration is currently underway. The gradual depletion of shallow Cu-Ag reserves in the Lubin-Sieroszowice district and elsewhere in the world requires exploration for deeper-seated deposits. To expand resources, time span and scale of copper production in Poland, exploration and definition of new prospects is of great importance. Thirty-five prospective areas with hypothetical and speculative resources have been delineated in SW Poland, including the most prospective areas adjacent to the Cu-Ag Lubin-Sieroszowice deposit. The paper also focuses on those parts of the Fore-Sudetic Monocline where new copper deposits were recently identified. Their resources are described along with the methodology of establishing their boundaries, which differs from recommended Polish threshold parameters not taking into account the depths exceeding 1500 m. Intelligent modern mining and ore processing technologies are considered as a prerequisite for future profitable development of deposits at deeper levels.
Introduction
Recorded global resources of copper are estimated at 668. 21 Gt of ore at 0.45% of Cu, containing 3035 Mt Cu, including 130.01 Gt of ore with a grade of 0.49% Cu, with mineral reserves in the amount of 641 Mt Cu [1] . Undeveloped identified resources planned for the future account for 2.1 billion tons of Cu [2] [3] [4] . Annual global mining is around 19.7 Mt Cu [4] . Forecasting shows that the world copper demand is expected to double through 2050, exceeding production. The mine production will peak in a narrow window of time, from 2031 to 2042, possibly in 2036 for copper and in 2030 for silver, and then begin to decline [5] . However, the full life cycle can be extended significantly due to the conversion of uneconomic resources into reserves [2, 3] .
The most important source of copper produced in the world in addition to porphyry copper deposits involves sediment-hosted stratiform copper deposits (SSC) [6] [7] [8] [9] [10] . These deposits are characterized by variable resources in the range of 1.6 to 170 Mt (at 0.7-4.2% Cu), with a median of 14 Mt of ore (at an average grade of 1.6% Cu) calculated for 170 deposits [11] . They occur mostly in the form of continuous or discontinuous ore bodies composed of sediments with a narrow stratigraphic Petrological and geochemical studies of the Zechstein copper-bearing series indicated that the oxidation-reduction interface, both vertically and horizontally, is the boundary separating the oxidized Rote Fäule facies, barren in copper and silver, from reduced sediments with ore mineralization (Figure 1 ). Close relationship between the Rote Fäule areas and the orebodies indicated that determination of the ranges of oxidized zones is an extremely important exploration guide for the Kupferschiefer-type deposits [13] [14] [15] [16] [17] [18] . Results of exploration drilling by the Polish Geological Institute-National Research Institute (PGI-NRI) and studies of cores from boreholes drilled by the Polish Oil and Gas Company (PGNiG) have been summarized in consecutive reports [18] [19] [20] [21] [22] [23] . New studies of numerous drill cores strongly indicate that the Lower Zechstein rocks contain a very large volume of resources [24] .
Considering the current state of knowledge and economic conditions, the resource base of Polish copper industry may be evaluated preferably when referring to the sediment-hosted stratiform Cu-Ag deposits of the Fore-Sudetic Monocline. Cu-Ag ores associated with the Kupferschiefer series are mined exclusively in the New Copper District (NCD) within the L-S deposit, operated by three underground mines: Lubin, Polkowice-Sieroszowice and Rudna. To the north of the developed deposits there are three undeveloped ones (Bytom Odrzański, Głogów and Retków). Identified resources per year in 2018 in the NCD amount to a total of 1802.562 Mt of ore containing 32 Parallel to the exploration of copper ores conducted by the PGI-NRI, the oil and gas industry started its hydrocarbon exploration in the Fore-Sudetic Monocline drilling the Wschowa 1 borehole. In this borehole, located 13 km north-east of the present north-eastern border of the Lubin-Sieroszowice deposit, for the first time in the central part of the Fore-Sudetic Monocline, the Kupferschiefer horizon with poor copper mineralization was found at a depth of 1933 m [19] .
In 1959, under the direction of Jan Wyżykowski, the Lubin-Sieroszowice deposit was drill-indicated based on the results from 24 boreholes, which proved the existence of a deposit at depths from 400 to 1000 m, with indicated resources of 1364.65 Mt of ore grading 1.42% Cu, with a thickness of 0.23-13.07 m, containing 19.34 Mt of copper and approx. 36 kt of silver, in an area about 28 km long and 6 km wide, covering 175 km 2 . Copper mining in the NCD started in 1968 due to the commissioning of two mines: Lubin and Polkowice. A constantly increasing size of the L-S deposit resulted from further drilling [36, 37] . A side effect of operations in the Fore-Sudetic Monocline was the discontinuation of mining activities in the North Sudetic Trough, in mines of the OCD (Nowy Kościół in 1967, Lena in 1973 and Konrad in 1989) .
During 60 years of operation, the immense resources of the OCD and NCD have gradually diminished. In the OCD cumulative historical production amounts for 56.408 Mt ore, including 14.468 Mt (1950 14.468 Mt ( -1973 in the Lena mine, 4.026 Mt in the Nowy Kościół mine (1954) (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) ) and 37.914 Mt Minerals 2019, 9, 592 5 of 42 in the Konrad mine. In turn, in the mines of the NCD in years 1968-2018 KGHM mined 1.128 Gt of ore containing 20.626 Mt Cu (Table 1 ) and over 40 kt Ag. This means that in post-war history over 1.184 Gt of ore have been mined in both these districts. Simultaneously with the documentation of copper ore deposits in the Fore-Sudetic Monocline, PGI-NRI conducted exploratory drilling in all prospective areas of Poland, also those exceeding depths of 1000 m [19, 38] . Exploration programs were supported by systematic research of available oil and gas drill cores, which resulted in a tremendous increase in data on the distribution of ore mineralization [13] [14] [15] . The most important exploration guide, the close spatial association of copper-silver orebodies with the Rote Fäule oxidized rocks, constituted a basis for the applied exploration strategy for copper ore deposits [14, 17, 39, 40] . With the gradual inflow of information, the ranges of prospective areas and resource estimates became more precise in subsequent evaluations [18, 20] .
A significant increase in new data took place in the recent years [21] due to a detailed investigation of most of the available cores, which enabled the construction of maps with subsequent versions of oxidized and reduced areas allowing new assessments of resource prospects (Figure 3 ). Subsequent reports have specified the areal distribution of the Rote Fäule and prospective areas [22, 23] . Recently Zientek et al. [41] ) synthesized available information and estimated the location and quantity of undiscovered copper resources associated with the Kupferschiefer series. All data and large-scale metal zonation with respect to the oxidized rocks indicated that prospects adjacent to the oxidized areas represent the greatest potential. Among the demarcated prospects, the expected northwest-trending extension of the L-S deposit and the Sulmierzyce area seemed to be most interesting [42] [43] [44] [45] . The increasing number of studied boreholes allowed Oszczepalski et al. [24] to present a summary with 38 prospective areas. Consequently, based on all studies of boreholes, extensive drilling operations were recently performed within several exploration concessions both on the Fore-Sudetic Monocline, in the North Sudetic Trough and in theŻary Pericline [30] . In the years 2011-2012, Miedzi Copper Corp.'s (MCC) companies initiated an extensive exploration program for deep copper and silver ore deposits in the Fore-Sudetic Monocline, in a north-western direction from the L-S deposit and in the eastern part of the Fore-Sudetic Monocline. First exploration boreholes confirmed the presence of Cu-Ag orebodies in several localities on the Fore-Sudetic Monocline [46] [47] [48] . This exploration resulted in discoveries of deep copper and silver ore resources in several sites [49, 50] . As the first step of prospecting work, MCC's strategy assumed the identification of geological structure and distribution of rock facies in an entire geological unit. Once the most appealing regions were demarcated, drilling operations were commenced in these so-called "sweet spots". Therefore, the project initially included 21 prospecting concessions with a total area of 11547 km 2 . This methodology differs from the usual approach of mineral companies operating elsewhere, which targeted their exploration at already identified deposits, or their direct vicinity.
Geological Background
The Kupferschiefer copper deposits are located in the central part of the Fore-Sudetic Monocline and in the North Sudetic Trough and there are also numerous occurrences throughout SW Poland. These two areas are separated by the uplifted Fore-Sudetic basement block. The pre-Permian basement, composed of Early Paleozoic metamorphic rocks and Carboniferous clastics and granites, was folded and consolidated during the Late Carboniferous Variscan orogeny. The In the years 2011-2012, Miedzi Copper Corp.'s (MCC) companies initiated an extensive exploration program for deep copper and silver ore deposits in the Fore-Sudetic Monocline, in a north-western direction from the L-S deposit and in the eastern part of the Fore-Sudetic Monocline. First exploration boreholes confirmed the presence of Cu-Ag orebodies in several localities on the Fore-Sudetic Monocline [46] [47] [48] . This exploration resulted in discoveries of deep copper and silver ore resources in several sites [49, 50] . As the first step of prospecting work, MCC's strategy assumed the identification of geological structure and distribution of rock facies in an entire geological unit. Once the most appealing regions were demarcated, drilling operations were commenced in these so-called "sweet spots". Therefore, the project initially included 21 prospecting concessions with a total area of 11547 km 2 . This methodology differs from the usual approach of mineral companies operating elsewhere, which targeted their exploration at already identified deposits, or their direct vicinity.
The Kupferschiefer copper deposits are located in the central part of the Fore-Sudetic Monocline and in the North Sudetic Trough and there are also numerous occurrences throughout SW Poland. These two areas are separated by the uplifted Fore-Sudetic basement block. The pre-Permian basement, composed of Early Paleozoic metamorphic rocks and Carboniferous clastics and granites, was folded and consolidated during the Late Carboniferous Variscan orogeny. The post-Variscan cover comprises Permian, Mesozoic and Cenozoic sediments [51] . The Permian and Mesozoic strata were probably deposited on the Fore-Sudetic Block, but were eroded during the Paleogene when movements uplifted the Fore-Sudetic Block.
The Polish Zechstein Basin forms a south-eastern extension of the Southern European Permian Basin [52] [53] [54] [55] . As a result of the post-Variscan extensional tectonics, within the Variscan orogenic belt, depressions filled with Upper Carboniferous deposits were created and separated by NW-SE-trending ridges. The Szprotawa Ridge (currently a NW part of the Fore-Sudetic Block) was a paleo-high of the Variscan internides separating the Zielona Góra basin from the North Sudetic Trough basin. The Brandenburg-Wolsztyn-Pogorzela Ridge was a part of the Variscan externides that separated the Zielona Góra Basin from basins that existed in the Variscan Foreland area. During the Rotliegend period, paleo-depressions were partially filled with red beds up to 1000 m thick, represented by aeolian sandstones interbedded with deposits of alluvial fans, braided rivers and playas. In the western part of the studied region, at the beginning of the Permian lava and tuff (up to 1500 m thick) were erupted representing bimodal volcanism of basalt, trachybasalt, rhyodacite and rhyolitic rocks. The Rotliegend deposits are generally absent from the ridges.
Deposition in the Polish Zechstein Basin commenced with flooding of the continental Rotliegend basin as a result of rifting-induced subsidence combined with a contemporaneous rise in sea level [53] . The Zechstein Basin, about 1700 km long, extended from eastern England to western Lithuania, Estonia and Belarus. The transgression of the Zechstein Sea occurred in the Lopingian (Figure 1 ; [55, 56] ). As a result of transgression and cyclically progressing changes in the Zechstein Basin paleogeography, four basic cycles were deposited: Z1 (Werra), Z2 (Stassfurt), Z3 (Leine) and Z4 (Aller). Early Zechstein (the first and the second Zechstein cyclotems) is probably the equivalent of the upper Wuchaiaping (254.1-259.1 Ma), while the late Zechstein (the third and fourth Zechstein's cycloteme) corresponds to the Changhsing (251.9-254.1 Ma).
The Cu-Ag deposits of SW Poland are associated with the Zechstein copper-bearing series, divided into the Weissliegend (Ws), the basal limestone (Ca0), the Kupferschiefer (T1) and the Zechstein Limestone (Ca1). The Weissliegend sandstone includes light gray sandstones, in the lower part of which there are aeolian sandstone and in the upper part, transgressive sandstones with numerous small sedimentary structures and bioturbations (locally with marine fauna), created due to redeposition of terrestrial sandstones. Its thickness may locally reach 40 m. Conglomerates or breccias were formed near shores and paleo-elevations. On some paleo-elevations there are no sandstones and transgressive conglomerates. In the initial period of stable sea conditions, the nearshore basal limestone was formed, known as Mutterflöz (in Germany) or the Border Dolomite (in the L-S Copper District). Its thickness is usually insignificant; it reaches several dozen centimeters.
The Kupferschiefer represents the mature stage of transgression associated with the increase in the sea level. Its sedimentation took place under the reducing conditions of the stratified epicontinental sea [39] . The age of the Kupferschiefer is determined at 258 Ma [56] . The Kupferschiefer has variable thickness, usually between 30 and 60 cm. It generally overlies either the Zechstein Conglomerate or the Weissliegend sandstones and rarely the Rotliegend volcanics or pre-Permian rocks. It is absent from marginal parts of the Zechstein basin and from the elevated parts of ridges. It comprises laminated clay and mudstones composed of clay minerals (mainly illite with minor montmorillonite and kaolinite), carbonates (dolomite commonly prevails over calcite) and organic matter. Deep and shallow-water facies have been distinguished in the Kupferschiefer [39] . The deep water facies is characterized by its consistent thickness of 20-60 cm and is composed of alternating clay and carbonate laminae, with brighter laminae embedded in a dark matrix consisted of a mixture of clay and organic material. These sediments were formed at the sea bottom located below the base wave under anaerobic conditions. The shallow water facies in nearshore parts of the basin and around paleo-elevations is characterized by varied thickness (up to several m thick) consisting mostly of marls.
The Kupferschiefer is overlain by the Zechstein Limestone deposited under oxygenated conditions. Its sequences are characterized by a regressive nature expressed by the presence of mudstones in the lower part of profiles as well as wackestones, packstones and bundstones in the upper part of profiles. The uppermost parts of profiles, depending on the paleogeographic position, are represented by supralitoral sediments. At the end of the Zechstein Limestone sedimentation on the coastal platform mainly wackestones and oncoidic and bioclastic packstones were formed as well as reefs up to 120 m in thickness developed on its slopes, made mainly of bryozoa-foraminifera packstones and boundstones. The basin area was composed mainly of oncolithic wackestones with columnar stromatolites. Locally, shallow-water oncolite packstones were formed in the intra-basin shoals forming condensed profiles less than 2 m in thickness. On the slopes of some paleo-elevations isolated bryozoa-foraminifera reefs with brachiopods and clams were also deposited. The Zechstein Limestone is followed by the Lower Anhydrite (A1d), Oldest Halite (Na1) and Upper Anhydrite (A1g). These rocks constitute the evaporative phase of the Zechstein Sea during the deposition of the first Zechstein cycle.
Ore Controls and Guides to Exploration
The types of ore correspond to lithological development: Sandstone, shale and carbonate rocks. The significant features of the mineralizing system have been described in numerous papers [16, 17, 39, 40, [57] [58] [59] [60] [61] [62] [63] [64] . The following are of particular importance: (1) The limitation of oxidized areas and copper orebodies to the Variscan deformation zone; (2) the occurrence of oxidized Rote Fäule facies on the slopes of basement highs; (3) the presence of a transition zone between oxidized and reduced facies; (4) cross-cutting secondary oxidation of the reduced rocks, including especially the oxidation of organic material; (5) occurrences of sulfide mineralization over oxidized sediments and enrichments in gold and platinum in oxidized profiles; (6) the presence of the transitional zone with a width of 1 to 6 km, in which there are both oxidized and reduced sediments with poor pyrite-chalcopyrite mineralization-in this zone, "relict areas" of reduced rocks within oxidized rocks and "oxidized areas" scattered within the reduced zone occur with common oxidation of the lowest part of the Kupferschiefer); (7) the restriction of high-grade Cu-Ag mineralization to areas proximal to the so-called strong Rote Fäule and (8) the zonal distribution of metals and metal sulfides relative to the oxidized rocks. Characteristics of the geochemical zones are shown in Table 2 . The cross-cutting relationships are presented in Figures 4 and 5. These patterns, and in particular a close relationship between the Rote Fäule and orebodies, indicate that determination of the range of oxidized zones was considered an extremely important exploration guide to areas favorable for the Cu-Ag Kupferschiefer-type deposits.
The richest mineralization is usually found in the upper part of the Weissliegend, in the basal limestone and the Kupferschiefer, as well as in the lower part of the Zechstein Limestone. The main ore minerals are Cu-S minerals (chalcocite, digenite, covellite, djurleite and anilite), Cu-Fe-S minerals (bornite, chalcopyrite and idaite) and Cu-As-Sb-S minerals (tennantite and tetrahedrite) [13, 18, [65] [66] [67] [68] [69] . Silver occurs in the form of its own minerals (native silver, electrum, stromeyerite, naumannite, mckinstryite, jalpaite, chlorotritite, eugenite and silver amalgams) but the most important silver carriers are base-metal sulfides -bornite (up to about 15% wt % Ag) and then chalcocite (up to 1.13 wt %), tennantite and tetrahedrite (up to 2.4 wt %), djurleite, digenite and chalcopyrite (up to 0.4 wt %), galena (up to 0.3 wt %), sphalerite (up to 0.1 wt %) and pyrite (up to 1.5 wt %) [65, [70] [71] [72] [73] . More recent studies have shown silver contents of up to almost 12 wt.% in chalcocite and up to 8.66 wt.% in bornite.
Oxidized rocks (Rote Fäule) were found in the basal limestone, the Kupferschiefer or the Zechstein Limestone above the oxidized Weissliegend in 33 oxidized areas [24] . In the central parts of the oxidized zone, the oxidation interval may locally reach even the lower part of the Lower Anhydrite (A1d) [13, 18, 74, 75] . Outwards from the central parts of the oxidized areas the redox boundary cuts across the strata moving from the Lower Anhydrite to the lowermost part of the Weissliegend. The thickness of oxidized rocks is highly variable and ranges from several dozen meters (in the central parts of some oxidized areas) to several centimeters at distal areas. The greatest thickness of the oxidized shale-carbonate series (15-30 m) is recorded in the western part of the L-S mining area and locally in profiles with a significant thickness of the Zechstein Limestone developed in barrier facies (e.g., in the southernŻary Pericline). In oxidized rocks iron oxides (hematite, goethite) are dispersed throughout sediments or concentrated to form red spots, bands or earthy masses. They occur principally as submicroscopic red pigment, aggregates and spherules. Their shape, size and mode of occurrence strongly suggest that they are pseudomorphs after pyrite framboids. Oxidized sediments locally contain small amounts of sparsely dispersed sulfides (mostly pyrite, marcasite, chalcopyrite and covellite) with aureoles of red pigment. They are commonly enriched in Au, Pt and Pd [22, 42, [76] [77] [78] [79] [80] [81] .
Extremely important for understanding the mineralization processes is the presence of the transition zone above the oxidized complex, defined initially by [17, 59] . Its thickness varies from several millimeters in the Kupferschiefer horizon to several meters in the Weissliegend sandstone, the basal limestone (in the North Sudetic Trough) and the Zechstein Limestone. The upward transition of oxidized rocks into sulfide-containing reduced sediments is characterized by a gradual change from reddish-brown rocks through grey ones with red spots to dark-grey or black sediments. This change is accompanied by a distinct variability of various parameters ( Table 2 ). One characteristic feature of this transition is the low-grade remnant mineralization represented by coexisting iron oxides (hematite and goethite), metal sulfides (covellite, pyrite, marcasite and minor chalcocite, bornite and chalcopyrite) and noble metals (native gold, Au-Ag alloys and Pd-arsenides).
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Extremely important for understanding the mineralization processes is the presence of the transition zone above the oxidized complex, defined initially by [17, 59] . Its thickness varies from several millimeters in the Kupferschiefer horizon to several meters in the Weissliegend sandstone, the basal limestone (in the North Sudetic Trough) and the Zechstein Limestone. The upward transition of oxidized rocks into sulfide-containing reduced sediments is characterized by a gradual change from reddish-brown rocks through grey ones with red spots to dark-grey or black sediments. This change is accompanied by a distinct variability of various parameters ( Table 2 ). One characteristic feature of this transition is the low-grade remnant mineralization represented by coexisting iron oxides (hematite and goethite), metal sulfides (covellite, pyrite, marcasite and minor chalcocite, bornite and chalcopyrite) and noble metals (native gold, Au-Ag alloys and Pd-arsenides). Remnant sulfides occur mostly as finely scattered grains, rarely as mutual composites. Most remarkable are partial or total replacements of Cu sulfides by hematite and goethite [14, 17, 39, 59] . Cu sulfides and pyrite grains are commonly corroded, invaded, veined and rimmed by iron oxides and only remnants are retained as minute grains dispersed in red-pigmented rocks [40, 74, [82] [83] [84] . Locally, hematite forms intergrowths with digenite or myrmekitic lamellae in bornite [85] . Covellinization of copper sulfides is common. Intergrowths and inclusions of native gold have been found in hematite [76] . Locally (e.g., in the North Sudetic Trough) sulfide aureoles around red spots and inclusions of bornite and chalcopyrite within the red spots have been identified. Remnant sulfides occur mostly as finely scattered grains, rarely as mutual composites. Most remarkable are partial or total replacements of Cu sulfides by hematite and goethite [14, 17, 39, 59] . Cu sulfides and pyrite grains are commonly corroded, invaded, veined and rimmed by iron oxides and only remnants are retained as minute grains dispersed in red-pigmented rocks [40, 74, [82] [83] [84] . Locally, hematite forms intergrowths with digenite or myrmekitic lamellae in bornite [85] . Covellinization of copper sulfides is common. Intergrowths and inclusions of native gold have been found in hematite [76] . Locally (e.g., in the North Sudetic Trough) sulfide aureoles around red spots and inclusions of bornite and chalcopyrite within the red spots have been identified. Figure 4 ).
The metals are zoned both vertically and horizontally in a sequence of: Fe 3+ (Au, Pt, Pd)-Cu(Ag)-Pb-Zn-Fe 2+ in distinct zones around oxidized areas and the typical paragenetic sequence includes hematite (goethite)-covellite-chalcocite-bornite-chalcopyrite-galena-sphalerite-pyrite in which hematite postdates sulfides, Cu-S-type sulfides are younger than Cu-Fe-S-type sulfides and framboidal pyrite is the earliest ( Figure 6 ). Locally, the Cu-Fe-S system is accompanied by Cu-As-Sb-S sulfides, galena, sphalerite and pyrite [18, 36, [68] [69] [70] 85, 86] . Although the ore mineral zonation pattern is observed as being complex on a mine scale [65, 68, 69] , it is clearly defined on a regional scale [18] . In areas with the highest copper concentrations, chalcocite, digenite and covellite predominate over the other sulfides whereas in areas further from the Rote Fäule area bornite, chalcopyrite, galena and sphalerite successively prevail. Farther away from oxidized areas, high-and low-grade mineralization is represented by a bornite-chalcopyrite assemblage with minor digenite, chalcocite, galena, sphalerite and pyrite. In distal areas, low-grade polymetallic ore mineralization is predominated by a chalcopyrite-galena-sphalerite association commonly accompanied by numerous pyrite and marcasite grains. Figure 4 ).
The metals are zoned both vertically and horizontally in a sequence of: Fe 3+ (Au, Pt, Pd)-Cu(Ag)-Pb-Zn-Fe 2+ in distinct zones around oxidized areas and the typical paragenetic sequence includes hematite (goethite)-covellite-chalcocite-bornite-chalcopyrite-galena-sphalerite-pyrite in which hematite postdates sulfides, Cu-S-type sulfides are younger than Cu-Fe-S-type sulfides and framboidal pyrite is the earliest ( Figure 6 ). Locally, the Cu-Fe-S system is accompanied by Cu-As-Sb-S sulfides, galena, sphalerite and pyrite [18, 36, [68] [69] [70] 85, 86] . Although the ore mineral zonation pattern is observed as being complex on a mine scale [65, 68, 69] , it is clearly defined on a regional scale [18] . In areas with the highest copper concentrations, chalcocite, digenite and covellite predominate over the other sulfides whereas in areas further from the Rote Fäule area bornite, chalcopyrite, galena and sphalerite successively prevail. Farther away from oxidized areas, high-and low-grade mineralization is represented by a bornite-chalcopyrite assemblage with minor digenite, chalcocite, galena, sphalerite and pyrite. In distal areas, low-grade polymetallic ore mineralization is predominated by a chalcopyrite-galena-sphalerite association commonly accompanied by numerous pyrite and marcasite grains. Table 2 .
Characteristics of the Kupferschiefer from the oxidized, transition and reduced zones in SW Poland (compiled after [17, 40, 42, 45, [57] [58] [59] [60] [61] [62] [63] ); EOM-extracted bitumen; HC-hydrocarbons, PAH-polycyclic aromatic hydrocarbons, Fla-fluorantene, Py-pyrene, Chr-chrysene, Ph-phenantrene; MPh-methylphenantrenes; HI-hydrogen index (mg HC/g TOC); OI-oxygen index (mg CO 2 /g TOC); TOC-total organic carbon.
Diagnostic Features Oxidized Zone Transition Zone Reduced Zone
Au-Pt-Pd Zone Cu-Ag Zone In the early stages of studying the mineralization of the Kupferschiefer deposits, a view of their syngenetic origin prevailed. The breakthrough in determining the genesis of mineralization in Zechstein deposits was a result of documenting the close relationship between the occurrence of Cu-Ag ores and oxidized areas. Early publications on this subject already indicated the existence of this obvious relationship but initially the syngenetic-early diagenetic mechanism of sulfide mineralization formation was preferred due to the tabular form of deposits, abundance of fine-grained dispersed ores and their attachment to the reduced facies. Over time, as a result of the recognition of secondary oxidation of the earliest formed copper sulfides the new view prevailed that the main stage of mineralization occurred during early-to-late diagenesis [14, 15, 17, 39] . Detailed studies of this zones showed that there were transformation processes of an overlapping nature, manifested by the presence of numerous replacements of pyrite and copper sulfides by hydrothermal hematite [59] . The occurrence of hematite pseudomorphs after framboidal pyrite on the oxidized side of the redox front and pseudomorphs of copper sulfides after syndiagenetic framboidal pyrite in reduced areas became evidence of pyrite overprinting by copper mineralization [40] . It has been shown that sulfide mineralization always occurs above oxidized rocks. Such position of copper mineralization in the profile and lateral overlapping of oxidized and reduced facies resulted from an upward and lateral flow of fluids that caused the expansion of the hematitic alteration front overlapping of ores by hematitization, redistribution of metals and the location of Cu-Ag orebodies directly above and around oxidized areas [17, 39, [61] [62] [63] [64] [87] [88] [89] [90] . In the early stages of studying the mineralization of the Kupferschiefer deposits, a view of their syngenetic origin prevailed. The breakthrough in determining the genesis of mineralization in Zechstein deposits was a result of documenting the close relationship between the occurrence of Cu-Ag ores and oxidized areas. Early publications on this subject already indicated the existence of this obvious relationship but initially the syngenetic-early diagenetic mechanism of sulfide mineralization formation was preferred due to the tabular form of deposits, abundance of fine-grained dispersed ores and their attachment to the reduced facies. Over time, as a result of the recognition of secondary oxidation of the earliest formed copper sulfides the new view prevailed that the main stage of mineralization occurred during early-to-late diagenesis [14, 15, 17, 39] . Detailed studies of this zones showed that there were transformation processes of an overlapping nature, manifested by the presence of numerous replacements of pyrite and copper sulfides by hydrothermal hematite [59] . The occurrence of hematite pseudomorphs after framboidal pyrite on the oxidized side of the redox front and pseudomorphs of copper sulfides after syndiagenetic framboidal pyrite in reduced areas became evidence of pyrite overprinting by copper mineralization [40] . It has been shown that sulfide mineralization always occurs above oxidized rocks. Such position of copper mineralization in the profile and lateral overlapping of oxidized and reduced facies resulted from an upward and lateral flow of fluids that caused the expansion of the hematitic alteration front overlapping of ores by hematitization, redistribution of metals and the location of Cu-Ag orebodies directly above and around oxidized areas [17, 39, [61] [62] [63] [64] [87] [88] [89] [90] .
Oxidation of the initially reducing Kupferschiefer shales led to the destruction and leaching of unstable components, leaving behind only refractory and immobile organic constituents that survived during formation of the Rote Fäule/ore system. The zonation of organics, vitrinite reflectance and oxide/sulfide mineralization in relation to the oxidation front may be genetically linked to the intensity of ascendant circulation and interaction of mineralizing fluids with reduced sediments. The altering fluids caused depletion of kerogen in hydrogen equivalents, the aromatization of bitumen and the removal of saturated hydrocarbons from the liptinites and their lipid-rich precursors ( Table 2 ). The residual organic matter within the Rote Fäule/ore system shows Oxidation of the initially reducing Kupferschiefer shales led to the destruction and leaching of unstable components, leaving behind only refractory and immobile organic constituents that survived during formation of the Rote Fäule/ore system. The zonation of organics, vitrinite reflectance and oxide/sulfide mineralization in relation to the oxidation front may be genetically linked to the intensity of ascendant circulation and interaction of mineralizing fluids with reduced sediments. The altering fluids caused depletion of kerogen in hydrogen equivalents, the aromatization of bitumen and the removal of saturated hydrocarbons from the liptinites and their lipid-rich precursors ( Table 2 ). The residual organic matter within the Rote Fäule/ore system shows low frequency levels of alginite, bituminite and autochthonous vitrinite, a high relative proportion of vitrinite-like bituminite and solid bitumen, and displays very high reflectance of the non-recycled vitrinite. This oxidized organic matter is also characterized by low amounts of C org , bitumen, hydrocarbons, saturated hydrocarbons, n-alkanes, isoprenoids, porphyrins and steranes, high concentrations of phenantrenes, heavy aromatic hydrocarbons, asphaltenes, resins and tricyclic terpanes and high values of OI and T max indices [42, 43, 57, 58, [60] [61] [62] [63] 91, 92] . The oxidized shales have the lowest δ 13 C and δ 18 O values from carbonates and the highest δ 34 S values from disseminated sulfides and δ 13 C values from kerogen [58, 63, 92] .
The telescopic nature of the mineralizing system and large-scale zonation pattern indicates that oxidized areas represent a central conduit for the mineralizing solutions. Therefore, it is obvious that the main volume of ore mineralization resulted from advanced passage of oxidizing, metalliferous chloride brines through the anoxic sediments of the basal Zechstein tectonic evolution of the Permo-Triassic basin [39, 64, 87, 93] . The location of ore bodies above slopes of highs that are separated by depressions filled with Rotliegend sediments (red beds) are indicative of the fact that these sediments were the essential ultimate source for mineralizing solutions that flowed along the flanks of paleohighs from the Rotliegend aquifer. The mineralizing solutions were chloride brines with a maximum temperature of 135 • C, as indicated by the paleotemperatures of indigenous vitrinite and other thermal maturity indicators [42, 43, 57, 60, 63] . Hematite emplacement overprinted early copper minerals as evidenced by the nature of the transition zone. Base and noble metals were extensively redistributed due to the different level of leaching by spreading fluids. As a result, noble metals are concentrated in the oxidized rocks, whereas base metals are concentrated at the reduced side of the redox front. It seems plausible that the processes leading to the formation of the Kupferschiefer ore patterns were long-lasting and multiphase, continuing for tens of million years after the deposition of the Kupferschiefer dated at 258 Ma [56] .
The late-diagenetic age of mineralization is evidenced by dating. According to Jowett [87] , convective flow of ore fluids is considered to be generated due to renewed extensional rifting during the Triassic. The dilatant veins and paleomagnetic age of hematite (250-220 Ma) indirectly suggest the Triassic age of Cu-Ag deposits surrounding oxidized areas [88] . This age was corrected to a range of 255-245 Ma (Late Permian-Early Triassic) [94] . In turn, K-Ar dating of the neogenic illite abundant in both oxidized and reduced facies in the Kupferschiefer indirectly indicate a Triassic-Early Jurassic age (216-190 Ma) of mineralization [95] . Re-Os studies confirmed the late-Triassic age of 217 ± 2 Ma of chalcopyrite from the mine in Lubin and 212 ± 7 Ma for copper ore from Lubin-Polkowice [96] .
The joint action of fluid flows related to compaction of the Permian basin and brine circulation caused by the geothermal field [89] was possible, as were the recirculation of mineralizing solutions [93] and their inflow via faults formed during seismic movements due to Permian-Triassic intra-continental rifting [97] . Quantitative mass balance evaluation implies that superposition of early-and late-diagenetic mineralization must have occurred in order to account for the observed Kupferschiefer mineralization in SW Poland [93] . The origin was also referred to as being of a multi-stage and long-term origin [9, 66, [98] [99] [100] . On the other hand, Borg et al. [101] argued that the Kupferschiefer mineralization was formed within a time span from Late Jurassic to Mid-Cretaceous, as a result of major crustal rearrangement with the break-up of Pangea based on the recent paleomagnetic dating of mineralization age in the Sangerhausen region (ages of 149 and/or 53 Ma; [102] ).
Assessment Process
In 1990, a data base was established at the PGI-NRI, collecting the results of chemical analyses of continuous samples taken from drill cores, both from documented deposits and from prospective areas. This database was systematically supplemented with new results. There are currently results from more than 1700 deep boreholes including 619 holes from the Lubin-Sieroszowice deposit and 17 holes and mine profiles from the Nowy Kościół, Niecka Grodziecka and Wartowice deposits. Other boreholes were drilled in the entire Polish part of the Permian Basin, but most of them are situated in SW Poland. Until 2011 the cut-off criteria defined by the Regulation of the Minister of the Environment issued on 20 June 2005 were obligatory for the examination and evaluation of mineralization and the formal definition of the mineral inventory (Table 3 ). These parameters constituted the basis for documenting identified resources, including measured, indicated and inferred Cu and Ag resources. Currently, based on the Regulation of the Minister of the Environment dated 15 July 2015, the following threshold values of new parameters defining a mineral deposit and its boundaries are in use (Table 3) .
Using standard processing software, the thickness of ore intervals was computed along with average concentration and copper productivity (surface density of Cu) in the ore series. The productivity was calculated using the formula: Q = T × P × C × 10, where: Q-copper productivity (kg/m 2 ) in a sampled sequence with metal concentration ≥0.5% Cu plus Ag equivalent; T-thickness of the mineralized sequence (m); P-weighted Cu equivalent grade (%) and C-bulk density of mineralized rocks (t/m 3 ). The following values of bulk density were used: 2.3 for sandstones, 2.5 for dolomites and limestones and 2.6 for shales. The use of quantitative data allows for quantitative assessment of undiscovered resources. The assessment focuses on delineation of prospective areas on the basis of chemical and mineralogical examination of core samples from PGI-NRI's and PGNiG's boreholes. The basis for determining boundaries of prospective areas of stratabound mineralization was the application of the new parameters (Table 3 ). Ignoring the maximum depth of 1500 m, it was assumed that a productivity value of Cu e 35 kg/m 2 (or Cu in the absence of Ag analyses) determines the boundaries of prospective areas. Due to the lack of Ag results, in some boreholes only copper productivity was calculated, which in such cases means underestimated copper and silver resources for the given areas.
Cores of 370 archival boreholes were studied outside mining districts [18] . Through additional research of 280 more drill holes we have gathered a substantial volume of valuable exploration data for the construction of quantitative maps. As a result, 15 prospects with total hypothetical resources amounting to 70 Mt Cu at a depth up to 2000 m were delineated throughout the Sudetic Foreland [21] . Those prospects indicate a potential for the discovery of large deposits. Almost all of them were granted as exploration concessions to several domestic and foreign companies, which were pursuing these concessions [30] .
These prospective areas can be differentiated into three groups based on their location relative to documented copper deposits and the number of boreholes meeting the criteria of Cu e productivity ≥ 35 kg/m 2 (Table 4 ). Hypothetical resources include those directly adjacent to deposits that are identified, speculative resources with high potential includes resources in areas distant from identified deposits, designated by more than one hole, and speculative resources with low potential represent resources designated by a single hole. It should be clearly stated that the current resource estimates in these areas have been determined by geometric interpolation unevenly distributed drill holes.
Identified Resources

Operated Copper Deposits of the Fore-Sudetic Monocline
There are six mining license areas within the Lubin-Sieroszowice mining district of the Fore-Sudetic Monocline: Głogów Głęboki, Lubin-Małomice, Polkowice, Radwanice-Gaworzyce, Rudna and Sieroszowice ( Figure 7 ; Table 5 ). KGHM Polska Miedź S.A. has the mining concessions for all of them. As of 2018 and according to the 2005 cut-off criteria (Table 3) , the identified resources (including measured, indicated and inferred resources) in the operated area are 1663.026 Mt of ore containing 30.376 Mt Cu and 86.853 kt Ag (Table 4 ). Economic reserves are 23.741 Mt Cu and 45.064 kt Ag.
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Operated Copper Deposits of the Fore-Sudetic Monocline
There are six mining license areas within the Lubin-Sieroszowice mining district of the Fore-Sudetic Monocline: Głogów Głęboki, Lubin-Małomice, Polkowice, Radwanice-Gaworzyce, Rudna and Sieroszowice ( Figure 7 ; Table 5 ). KGHM Polska Miedź S.A. has the mining concessions for all of them. As of 2018 and according to the 2005 cut-off criteria (Table 3) , the identified resources (including measured, indicated and inferred resources) in the operated area are 1663.026 Mt of ore containing 30.376 Mt Cu and 86.853 kt Ag (Table 4 ). Economic reserves are 23.741 Mt Cu and 45.064 kt Ag. The average copper content in the Lubin-Sieroszowice deposit is 1.63% and 57 ppm of silver; maximum average contents are typical of the shale ore (5.4% Cu, 134 ppm Ag). The average silver content in Cu-Ag ore grows systematically from areas with chalcocite-covellite mineralization (42-56 ppm Ag) towards areas with bornite-chalcopyrite mineralization (58-86 ppm), while in Pb-Zn and pyrite areas the silver content falls below 20 ppm. Silver shows a correlation with copper. The average copper content in the Lubin-Sieroszowice deposit is 1.63% and 57 ppm of silver; maximum average contents are typical of the shale ore (5.4% Cu, 134 ppm Ag). The average silver content in Cu-Ag ore grows systematically from areas with chalcocite-covellite mineralization (42-56 ppm Ag) towards areas with bornite-chalcopyrite mineralization (58-86 ppm), while in Pb-Zn and pyrite areas the silver content falls below 20 ppm. Silver shows a correlation with copper.
Undeveloped Copper Deposits of the Fore-Sudetic Monocline and the North Sudetic Trough
Undeveloped deposits with identified economic resources in the Fore-Sudetic Monocline include: Bytom Odrzański, Głogów and Retków ( Figure 7 ; Table 6 ). The identified economic resources in the undeveloped ore deposits are 139.535 Mt of ore comprising 2.244 Mt of Cu and 11.085 kt of Ag. Apart from these resources, inferred marginal resources of 764.891 Mt of ore comprising 12.754 Mt Cu and 40.518 kt Ag have been documented (Table 6 ); these resources are marginally economic because of their depth which ranges from 1250 to 1500 m at the time of determination according to the 2005 threshold values ( Table 3 ). All undeveloped copper deposits adjacent to the northern margin of the Lubin-Sieroszowice mining areas are considered to be the most prospective resource base for copper ore mining. Most of the area of the North Sudetic Trough is developed as reduced Zechstein sediments. Oxidized rocks, underlaying copper-bearing intervals were found in the eastern parts of the OCD and at the border of the North Sudetic Trough with theŻary Pericline. Rich copper mineralization occurs only in the eastern part of the North Sudetic Trough [36, 103, 104] . There are three undeveloped deposits: Nowy Kościół, Niecka Grodziecka and Wartowice ( Table 7 ). The first two deposits have previously been mined. Despite the cessation of mine production in the OCD (Lena in 1973, Nowy Kościół in 1967 and Konrad in 1989), the identified resources of these deposits are included in the balance of mineral resources of Poland because the discontinuation of production at the Lena, Nowy Kościół and Konrad mines occurred as a result of an economic downturn and not due to the depletion of resources. In the Niecka Grodziecka ore occurs at the favorable depth from 50 to 900 m, but reopening the mines will be difficult due to flooded underground workings. However, it is possible to start production in a part of this deposit. Nowy Kościół occurs in the very favorable depth range (50-360 m), but is characterized by a low metal content. In total, the identified economic resources of Niecka Grodziecka and Wartowice deposits at the time of determination amount to 89.607 Mt of ore (1.306 Mt Cu, 4.76 kt Ag) at various depths, ranging between 50-1400 m, and in the Nowy Kościół deposit 13.48 Mt of ore (0.12 Mt Cu, 583 tons of Ag). They are accompanied by marginally economic resources (Table 7 ). 
Prospective Areas
Hypothetical Resources
In the area of the Fore-Sudetic Monocline, four prospective areas with hypothetical resources are identified: Białołęka, Jany-Nowa Sól-Grochowice, Kulów and Luboszyce, occurring in the immediate vicinity of the Lubin-Sieroszowice deposit (Figure 8 ). They are the most significant prospective areas as they may constitute a backup resource base for the copper mining industry still requiring further detailed investigation. In general, in the Fore-Sudetic Monocline over a total area of 414.99 km 2 , there may be 42,494 Mt of Cu and 174 kt of Ag with the average thickness ranging from 1.4 to 2.0 m and with the average grade in the range of 0.8-3.1% Cu and 50-100 ppm Ag at depths between 1400 and 2200 m ( Table 8 ). An additional prospect (Raciborowice) is located in the North Sudetic Trough. Jany-Nowa Sól-Grochowice: This is an area with the highest potential in the group of hypothetical resources. It occurs directly north-west of the documented L-S deposits. First exploratory boreholes were drilled by the PGI-NRI in 1970-1979 (e.g., Sława IG 1 and Grochowice M 9). Later, tens of gas exploration boreholes were drilled by PGNiG. In the north-western part of the area ore mineralization forms an embayment in the eastern part of the Zielona Góra oxidized area, constituting the Jany subarea. Since the early 1970s, only the prospective areas of Jany (Jany 1 borehole) and Grochowice (Grochowice M-9 and Sława IG 1) were shown in assessments by studies of oil and gas boreholes in the Zielona Góra region [18] . Those boreholes were drilled in an irregular grid, but they formed some clusters (e.g., the Grochowice-Kulów area; Figure 8 ). Despite this, those holes later allowed four favorable areas to be identified: Jany, Grochowice, Sława and Kulów [21] [22] [23] [24] . These prospective areas rim the vast Zielona Góra oxidized area, where the Lower Zechstein sediments are intensely oxidized (Figures 4-6 and 8 ). The redox boundary moves from the Lower Anhydrite in the west to lower parts of the Weissliegend sandstones in the east (Figure 9 ). This oxidized area is characterized by the pervasive destruction of organic matter and replacement of pyrite and copper sulfides by hematite [48] . There are common relicts of covellite, digenite, chalcocite, chalcopyrite and pyrite among extensive replacement of copper and iron sulfides by hematite. Hematite pseudomorphs after framboidal pyrite are abundant in the oxidized Kupferschiefer. Oxidized rocks are typically enriched in Au and PGE [22, 81] , native gold, electrum, silver amalgam and auricuprite were also found.
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Taking into account the spatial distribution of prospective areas on the reduced side of the redox border it was stated that, just as in the case of the western part of the Lubin-Sieroszowice deposit, Cu-Ag orebodies were expected to occur in the nearest neighborhood of the Zielona Góra oxidized area forming a northwest-trending copper belt that rims the oxidized area [18, 20, 21, 24, 43] .
In order to find a new deposit between those subareas in the immediate vicinity of the Zielona Góra Rote Fäule area, MCC developed a greenfield exploration program for the Nowa Sól area. The project followed the granting of exploration concessions by the Minister of Environment in 2011. It should be strongly emphasized that until exploration by MCC there were no prospecting boreholes drilled anywhere between the Grochowice and Jany subareas. Detailed results are presented in the final part of this article.
The recent drilling confirmed the presence of the copper belt [48] [49] [50] . The current boundaries of the Jany-Nowa Sól-Grochowice prospective area have been determined by taking into account the results of 24 boreholes drilled by MCC in the Nowa Sól area (Figure 8 ). This prospect covers an area of 320.07 km 2 and contains approx. 35 Mt of Cu and 148 kt of Ag over an interval having average thickness of 1.93 m and an average grade of 2.25% Cu and 96 ppm Ag ( Table 8 ). The depth to the Zechstein base varies from 1600 m in the south to 2200 m in the north.
Kulów: This area adjacent to the north-eastern part of the Bytom Odrzański deposit and to the north-western part of the Głogów deposit was outlined by six drill holes (Figure 8 ). Chalcocite-bornite mineralization prevails. The S-473 drillhole has the most abundant ore Figure 4 ).
In the Jany subarea ( Figure 3 ) the ore interval includes the upper part of the Kupferschiefer and the lower part of the Zechstein Limestone, with a maximum content of up to 10.61% Cu [21] . Chalcocite-covellite dominates over bornite and digenite. The Grochowice subarea in the immediate vicinity of the Bytom Odrzański deposit is better delineated by four positive boreholes: Grochowice 28, Grochowice 35, S-483 and S-482 ( Figure 8 ). In these boreholes mineralization is present in the Weissliegend and dominated by Cu-S sulfides (chalcocite, digenite, covellite) and bornite, while the Kupferschiefer is mineralized with Cu-Fe-S sulfides (bornite and chalcopyrite), minor tennantite, galena, sphalerite and pyrite [24] . In the SW part of the Grochowice subarea, Cu-S mineralization is predominant, whereas in the eastern part bornite-chalcocite mineralization is most common, with a significant share of sphalerite and galena. Consequently, in the eastern part of the discussed area the Kupferschiefer samples are characterized by a distinctive increase in the concentration of Zn (up to 3%) and Pb (up to 1.5%). The maximum copper contents were found in Kupferschiefer samples (S-482-17.65% and Grochowice 35-7.17%) as well as in Weissliegend specimens (Grochowice 35-2.84% and S-483-1.80%). The silver content is high especially in Kupferschiefer samples (up to 600 ppm in S-482 and up to 564 ppm in Grochowice 35) . The most abundant mineralization has been recorded in the S-482 borehole, in which an interval 0.45 m with an average content of 4.89% Cu and 298 ppm Ag is characterized by Cu e productivity of 88.49 kg/m 2 . In the northern and eastern parts of this area (e.g., Sława IG 1), mineralization is poorer and polymetallic (chalcocite, bornite, galena, sphalerite, pyrite and chalcopyrite) placed only in the Kupferschiefer and the Weissliegend.
Kulów: This area adjacent to the north-eastern part of the Bytom Odrzański deposit and to the north-western part of the Głogów deposit was outlined by six drill holes (Figure 8 Luboszyce: This area is directly adjacent to the Retków deposit was intersected by drill holes: S-467 and S-501. In the northern part of this area, the Luboszyce 1 borehole in the 1990s became a basis for determining a prospective area [18] . It is characterized by the most favorable deposit parameters (an interval of 1. silver content is in a wide range from 20 to 160 ppm. The depth of the Zechstein base changes from 900 m in the south-eastern part to 1500 m in the NW part of this area. The prospect is partially delimited from the south-west by five drill holes with Cu e below 35 kg/m 2 . The composition of ore minerals is dominated by: Chalcocite, bornite and chalcopyrite, locally with admixtures of digenite, covellite, tetrahedrite, tennantite, galena, sphalerite, pyrite and native silver (mainly in the form of tiny inclusions) in chalcocite. The contribution of bornite, chalcopyrite, galena and sphalerite generally increases at the expense of chalcocite in the SW direction and towards the top of the ore-bearing intervals. In this area, 0.561 Mt of Cu and 1.703 kt of Ag can be expected in the interval that averages 3.75 m thickness and has an average grade of 0.79% Cu and 24 ppm Ag. Due to the increased Cu e productivity (in a range of 8.22 to 18.72 kg/m 2 Cu e ) in boreholes surrounding the area, an extension of the prospective area can be expected towards the Nowy Kościół deposit, forming a copper belt 5-10 km wide, with mineralization at a depth of less than 900 m under favorable geological and mining conditions. It is likely that this hypothesis will be verified in the future, as the discussed area located south of current exploration license owned by KGHM (Synklina Grodziecka and Konrad) is a site of an ongoing exploration drilling project.
Speculative Resources of High Potential
This group of speculative resources includes four prospective areas (Dębnica, Henrykowice, Janowo and Sulmierzyce) with high potential at depths of 1400-2100 m and four further prospective areas identified at depths ranging from 2300 to 3600 m (Grodzisk,Żerków, Kaleje and Mozów). All these areas are directly adjacent to the oxidized zone.
Prospects from the first group (Dębnica, Henrykowice, Janowo and Sulmierzyce) belong to the mineralization system located in the eastern part of the Fore-Sudetic Monocline and are approximately 15 km to the east of the Lubin-Sieroszowice Cu-Ag deposit. They are related to the Ostrzeszów oxidized area and numerous smaller oxidized zones scattered around it (Figure 8 ). The association of rich copper mineralization with the large Ostrzeszów Rote Fäule area is comparable (in both the degree of concentration and the relative position of the redox boundary in the horizontal and vertical distribution) to well-known ore mineralization in the western part of the Lubin-Sieroszowice deposit. Ore mineralization occurs here in the Weissliegend, the Kupferschiefer and the Zechstein Limestone (Dębnica and Janowo) above the oxidized Weissliegend and the Basal Limestone (Henrykowice), or above the oxidized bottom of the Kupferschiefer (Sulmierzyce).
These prospective areas have been investigated since the 1960s based on tens of promising drill holes, oxidative alteration, a high paleothermal heat flow and their geotectonic setting [18, 19, 43, 44, 97] . Cores from 74 boreholes were studied previously in these areas [21, 44] , and 62 drill holes were additionally investigated during the last two years. In order to delineate the extent of these prospective areas, they are currently being explored by drilling in the Sulmierzyce exploration license. The density of drilling allows a possibility that these four areas may actually be continuous and could be connected to neighboring smaller prospective areas, such as Milicz and Bogdaj (Figure 8 ). Areas from the second group with a depth exceeding 2300 m are found on both sides of the Wolsztyn elevation, which is characterized by both the lack of the Kupferschiefer and the presence of pyrite mineralization. These areas are quite well recognized by many drill holes with high values of deposit quality parameters. For these reasons, despite their considerable depth, they were the subject of exploration licenses in the previous years.
Dębnica: This area is located south of the Sulmierzyce area. It is intersected by two boreholes: Dębnica 1 andŚwieca 4. Similarly to the area of Sulmierzyce ore mineralization occurs in the Kupferschiefer as well as in the lower parts of the Zechstein Limestone, just above the oxidized Weissliegend. A bornite-chalcocite association dominates in this area, with minor digenite and covellite (in the lower part of the profiles), as well as chalcopyrite with bornite and pyrite (in the upper part of the mineralized interval). In this area which covers approx. 50 km 2 , there may be 3.99 Mt of Cu and 10.731 kt of Ag in an average interval of 1.49 m thickness and 2.75% Cu and 63 ppm Ag. The ore series is found at depths of 1700-1800 m. It is presumed that this area connects with the Sulmierzyce area, but there are no boreholes to confirm this possibility [21] .
Henrykowice: This area forms an embayment within the Ostrzeszów Rote Fäule area, partly overlapping both flanks of the oxidized zone. In this area there are five boreholes with the minimum productivity of 35 kg/m 2 : Bogdaj 9, Bogdaj-Uciechów 39, Henrykowice 4 and 8 and Szklarka 3. In the western and southern part of the Henrykowice area ore mineralization occurs in the Zechstein Limestone above the oxidized Kupferschiefer but in the eastern part it is found in the Kupferschiefer and in the uppermost Weissliegend. The ore contains covellite, digenite and chalcocite with minor bornite. Most favorable parameters were recorded in the Henrykowice 4 borehole (thickness 1.3 m, 1.97% Cu, 56 ppm Ag and 83.66 kg/m 2 Cu e ). In this area that covers 28.9 km 2 , the resources may amount to 1. Sulmierzyce: This is an area with potentially significant mineralization. It was considered prospective in the 1970s based on rich mineralization in the Sulmierzyce 1 borehole [19] . Investigations made in later years [18, 44] showed that this area intersected by another three boreholes: Chruszczyn 1, Chruszczyn 3 and Odolanów 1 is surrounded by seven oxidized zones [24] . In the recent years, MCC drilled five more boreholes (Figure 8 ). Four of them confirmed the presence of rich copper mineralization in this area slightly extending the range of the prospect to the north-east. In the northern part, where the Chwaliszew oxidized area occurs, the lower part of the copper-bearing series is oxidized (e.g., S C19) whilst southwards oxidation affects sandstones or even the lowermost portion of the Kupferschiefer (Sulmierzyce 1, S C2, S C20; Figure 10 ). Only in Odolanów 1 located at the southern end of the area does mineralization occurs also in the Weissliegend. Maximum Cu e productivity was recorded in Sulmierzyce 1-224.94 kg/m 2 (no Ag analyses) and the new S C1 and S C20 boreholes. A chalcocite-bornite association prevails in the discussed area, with minor digenite and covellite. This area covers 75.82 km 2 and contains about 7.767 Mt of Cu and 17.793 kt of Ag, grading 2.1% Cu and 26 g/t Ag at depths ranging between 1600 and 2100 m. Thickness of the mineralized horizon is 1.49 m. In terms of the amount of copper and its size, this is the most interesting prospective area in the eastern part of the Fore-Sudetic Monocline. Figure 4 ).
Grodzisk: It is a small and poorly examined area determined in recent years by two boreholes: Grodzisk 3 and Grodzisk 31, with sandstone ore in the center of the area and the shale-carbonate ore near oxidized rocks. Cu-S-type sulfides predominate. The area is located between the Rokietnica and Ujazd oxidized areas. The richest ore mineralization occurs in Grodzisk 31 with productivity of Figure 10 . Vertical variation of the ore series relative to the oxidation front in the Sulmierzyce prospect (for legend see Figure 4 ). Grodzisk: It is a small and poorly examined area determined in recent years by two boreholes: Grodzisk 3 and Grodzisk 31, with sandstone ore in the center of the area and the shale-carbonate ore near oxidized rocks. Cu-S-type sulfides predominate. The area is located between the Rokietnica and Ujazd oxidized areas. The richest ore mineralization occurs in Grodzisk 31 with productivity of 109.84 kg/m 2 . This area covers of 10.7 km 2 with approximately 1.013 Mt of Cu and 2.69 kt of Ag in an average interval of 1.07 m and a grade of 3.54% Cu and 94 ppm Ag, at depths 2700-2800 m.
Kaleje: This large area (197 km 2 ) adjoins the western edge of the Czeszewo Rote Fäule. Initially delineated based on metal contents from Kaleje 4 and Kaleje 5 boreholes [18] , the current range was obtained by investigation of boreholes: Kaleje 2 and Kaleje 3 [24] . In this area, shale-carbonate ore predominates and it is represented by the following ore minerals: Chalcocite, digenite and covellite. The thickness of the ore interval varies from 1.9 to 4.0 m, the average content from 0.72% to 3. Zerków: The initial geochemical analyses obtained forŻerków 1 enabled the determination of a prospective area between the Czeszów and Łuszczanów oxidized area [18] . Currently, there are eight boreholes with Cu e productivity over 35 kg/m 2 :Żerków 1, Mieszków 1, Radlin 6, 17, 20, 21, 24 and 25 [24] . In these holes, shale-carbonate ore is mineralized mainly with chalcocite, digenite, covellite and bornite. The thickness of the ore interval varies from 1.14 to 2.88 m, the average grade from 0.94% to 4.41% Cu and from 22 to 96 ppm Ag, and productivity Cu e (or Cu) from 66.22 to 154.36 kg/m 2 (with a maximum in the Radlin 24 borehole). Cu-Ag mineralization is 1.75 m thick with the average of 2.29% Cu and 58 ppm Ag over an area of 264 km 2 . A resource of ca. 24 Mt of Cu and approx. 55 thousand tons of Ag is estimated. In the central part of the area ore mineralization is at depths exceeding 3000 m, but in the southern part it is at 2600-3000 m.
Mozów: This area is adjacent to the northern Zielona Góra oxidized area. Initially, this area was defined by four drill holes made by PGNiG: Mozów 1, Kije 2, Kije 9 and Kije 10 [18] , and then a reevaluation was made in this area [21, 24] . Recently, MCC drilled two further boreholes (M C3, M C1), which confirmed the presence of very rich mineralization [46, 105] . In all profiles, the oxidized interval includes the Weissliegend and the lowermost part of the Kupferschiefer (Figure 11) . A chalcocite-digenite-covellite association prevails, occasionally with bornite. In oxidized parts hematite is abundant, accompanied by remnant covellite and digenite as well as native gold. Au-Pt-Pd mineralization occurs directly below the Cu-Ag interval (Figure 12 ). Numerous copper sulfide nests are noteworthy in carbonates. The richest Kije 9 borehole has an extremely high Cu e productivity of 274 kg/m 2 . Based on results from the six boreholes, it was estimated that this prospect, which covers 214 km 2 , may contain 30.3 Mt of Cu and 55.905 kt of Ag over a thickness of 2.09 m, with an estimated grade of 2.71% Cu and 50 ppm Ag at depths of 2100 to 2700 m. On a regional scale, the Mozów area appears to extend to the SE to the Nowa Sól prospect. It should be noted that oxidized intervals are enriched in gold [46] . sulfide nests are noteworthy in carbonates. The richest Kije 9 borehole has an extremely high Cue productivity of 274 kg/m 2 . Based on results from the six boreholes, it was estimated that this prospect, which covers 214 km 2 , may contain 30.3 Mt of Cu and 55.905 kt of Ag over a thickness of 2.09 m, with an estimated grade of 2.71% Cu and 50 ppm Ag at depths of 2100 to 2700 m. On a regional scale, the Mozów area appears to extend to the SE to the Nowa Sól prospect. It should be noted that oxidized intervals are enriched in gold [46] . Figure 11 . Relation of the ore series to the oxidation front; note the oxidation in the lowermost part of the Kupferschiefer in the Mozów prospect (for legend see Figure 4 ). 
Speculative Resources of Low Potential
In addition to the above-mentioned areas of high potential, 22 further prospective areas with lower potential were also identified ( Figure 8 ; Table 8 ). Their boundaries are demarcated around Figure 11 . Relation of the ore series to the oxidation front; note the oxidation in the lowermost part of the Kupferschiefer in the Mozów prospect (for legend see Figure 4 ). sulfide nests are noteworthy in carbonates. The richest Kije 9 borehole has an extremely high Cue productivity of 274 kg/m 2 . Based on results from the six boreholes, it was estimated that this prospect, which covers 214 km 2 , may contain 30.3 Mt of Cu and 55.905 kt of Ag over a thickness of 2.09 m, with an estimated grade of 2.71% Cu and 50 ppm Ag at depths of 2100 to 2700 m. On a regional scale, the Mozów area appears to extend to the SE to the Nowa Sól prospect. It should be noted that oxidized intervals are enriched in gold [46] . Figure 11 . Relation of the ore series to the oxidation front; note the oxidation in the lowermost part of the Kupferschiefer in the Mozów prospect (for legend see Figure 4 ). 
In addition to the above-mentioned areas of high potential, 22 further prospective areas with lower potential were also identified ( Figure 8 ; Table 8 ). Their boundaries are demarcated around 
In addition to the above-mentioned areas of high potential, 22 further prospective areas with lower potential were also identified ( Figure 8 ; Table 8 ). Their boundaries are demarcated around only one borehole with productivity over 35 kg/m 2 . Among them, the most important areas may be located in the immediate vicinity of oxidized fields and at shallow depths (Nowiny, Mirków andŻarków) but also at depths slightly greater, but not exceeding 2000 m (Bogdaj, Czeklin and Dębinka). Particular importance may be attributed to areas possibly connected to other prospective areas (e.g., Bogdaj, Naratów 3, Milicz and Wilcze).
Among them, the most important one due to its depth of 400-600 m is the Nowiny area, where shale ore was found above oxidized sandstones. Ore minerals are dominated by chalcocite, accompanied by bornite, covellite, sphalerite, galena and pyrite. The ore interval has a thickness of 0.47 m and is characterized by the average grade of 2.64% Cu and 100 ppm Ag with productivity of 42.74 kg/m 2 Cu e . Despite the small area (5.72 km 2 ), it is realistic to envisage an orebody forming a 1-3 km wide belt. Its continuation in the western direction is likely, with a chance of merging with the Spremberg-Weisswasser deposits in Germany. Currently, this area is a subject of an exploration license of KGHM. Hopes can also be associated with the Dębinka area, which is located at the edge of the oxidized area. Admittedly, Cu-Ag mineralization in this area is confined solely to the upper part of the Zechstein Limestone [74, 106] , but there is a possibility that eastwards it can be also found in the Kupferschiefer and the Weissliegend. Taking into account proximity to the Szprotawa high, there is an expected extension of mineralization towards this elevation. A similar position, but on the northern side of this elevation, is occupied by theŻarków and Czeklin prospects. These areas form embayments in the Zielona Góra Rote Fäule area open to the south. The area of Bogdaj may be important in the case of its connection with the Henrykowice area, and Milicz area when it connects to the Janowo prospect. The area of Mirków is characterized by rich copper mineralization above the oxidized Basal Limestone. However, it is surrounded by boreholes in which Kupferschiefer series is characterized by lead-zinc mineralization. In turn, the significance of the Naratów 3 area can be considerable if it is connected to the Luboszyce prospect.
The remaining areas currently do not have any substantial importance as they are very small (Bartków, Lipowiec, Naratów 1 andŚlubów) or occur at significant depths (Broniszewice, Bukowiec, Florentyna, Niemierzyce, Paproć, Rogalin, Wilcze andŻakowo). Two other areas (Borzęcin and Radziądz) with polymetallic (Cu-Pb-Zn) mineralization are located further from the redox boundary, so the chances of finding rich ore are not very high.
Exploration Drilling
Several companies have drilled on their granted concessions (Figure 8 ). The exploration drilling program of MCC, which started in 2013 and still continues today, has resulted in the discovery of three deposits: Nowa Sól, Mozów and Sulmierzyce North (Figure 13 ). The boundaries of prospecting concessions were established based on several criteria, most importantly the distance to the flanks of intra-basin ridges (Brandenburg-Wolsztyn-Pogorzela and Szprotawa highs) and the contacts between reduced rock facies and secondary oxidized Rote Fäule rocks (Figure 8 ). The areas with prognostic copper mineralization demarcated by the PGI-NRI [21] were also considered while determining the boundaries of targets. Although some of MCC's initial prospecting concessions, namely those located close to the existing Lubin-Sieroszowice mining district, had certain historical data on Cu-Ag mineralization, the majority of targets constituted greenfield areas, distant from known ore deposits.
MCC's initial work included the analyses of drill core samples from historical oil and gas wells. Due to the nature of hydrocarbon exploration, these boreholes were not distributed in regular grids; instead, they form clusters of several to over a dozen holes. Such distribution does not correspond to the strategy of copper prospecting. In addition to core analyses, MCC carried out the reprocessing of archival geophysical data, which involved examining 24,000 gravimetric points and more than 1700 km of seismic sections. Seismic data was reprocessed using the innovative method of effective reflection coefficients to complement the drilling, providing much higher resolution compared to standard, amplitude-based seismic sections [107] . This method accurately determines structural elements crucial for exploration. Furthermore, in two of its targets (Mozów and Sulmierzyce) MCC performed experimental on-site geophysical research using the magnetotelluric method, with a total surveying length of 27 km. The results of magnetotelluric studies were not accurate enough to trace the trends of copper mineralization at depths exceeding 1500 m. For this reason it was decided to discontinue further use of this method. surveying length of 27 km. The results of magnetotelluric studies were not accurate enough to trace the trends of copper mineralization at depths exceeding 1500 m. For this reason it was decided to discontinue further use of this method. Once all of the above mentioned research was completed, MCC commenced its own drilling stage. Core material from these new boreholes was also subjected to chemical analyses by Acme Analytical Laboratories Ltd., as well as petrographic and mineralogical studies. The initial drilling results led to considerable changes in the drilling grids, as the location of Rote Fäule zones was slightly shifted compared to earlier maps [48, 50] . This was particularly noticeable in concessions with no historical oil and gas wells, like Nowa Sól, where the observed north-eastern extension of the oxidized zone was greater than expected. These conclusions were possible due to the combined interpretation of new drilling logs and seismic reprocessing, proving that the area is divided into fault blocks, which resulted in the north-eastern displacement of Rote Fäule facies.
Of the 33 holes completed in the years 2013-2019, 25 produced positive results in terms of economic Cu-Ag grade. Moreover, all boreholes led to more precise identification of boundaries between major oxidized and reduced areas. Due to better understanding of the regional geological structure, certain prospecting targets were reduced in area after the initial drilling phase in order to Once all of the above mentioned research was completed, MCC commenced its own drilling stage. Core material from these new boreholes was also subjected to chemical analyses by Acme Analytical Laboratories Ltd., as well as petrographic and mineralogical studies. The initial drilling results led to considerable changes in the drilling grids, as the location of Rote Fäule zones was slightly shifted compared to earlier maps [48, 50] . This was particularly noticeable in concessions with no historical oil and gas wells, like Nowa Sól, where the observed north-eastern extension of the oxidized zone was greater than expected. These conclusions were possible due to the combined interpretation of new drilling logs and seismic reprocessing, proving that the area is divided into fault blocks, which resulted in the north-eastern displacement of Rote Fäule facies.
Of the 33 holes completed in the years 2013-2019, 25 produced positive results in terms of economic Cu-Ag grade. Moreover, all boreholes led to more precise identification of boundaries between major oxidized and reduced areas. Due to better understanding of the regional geological structure, certain prospecting targets were reduced in area after the initial drilling phase in order to focus on their richest, most prospective parts. Effectively, further drilling operations were continued in only six most promising targets (Nowa Sól, Wilcze, Zatonie, Jany, Mozów-1 and Sulmierzyce).
The three stratiform Cu-Ag deposits identified by MCC in Poland-Nowa Sól, Mozów and Sulmierzyce North-lie within the boundaries of areas. Their location is presented in Figure 13 .
The Nowa Sól deposit: This deposit partially overlaps four concession areas: Nowa Sól, Jany, Zatonie and Wilcze. At the Nowa Sól deposit, 18 boreholes have been drilled in two grids, 1.5 km × 1.5 km and 3 km × 3 km ( Figure 13A ). The depth of the mineralized horizon varies from 1700 to 2200 m below ground level. This deposit is an entirely new discovery, as there had been no historical boreholes in this area. Due to thorough preparation of the exploration project, MCC's first borehole NS C1 already penetrated a thick interval with very high ore grade (productivity 281 kg/m 2 ).
In this deposit there are both reduced sections with sulfide mineralization in the eastern parts of the studied area, as well as oxidized (Rote Fäule) zones without sulfide mineralization of economic importance-in the western and south-western part of the Nowa Sól deposit. The redox boundary moves from the Lower Anhydrite in the west to lower parts of the Weissliegend in the east (Figure 9 ). In the most westerly-located NS C17B borehole, the entire ore series is oxidized from the Lower Anhydrite to lower parts of the Weissliegend sandstones. In boreholes Jany C1 and NS C3, the redox front crosses the Zechstein Limestone, and in profiles NS C1, NS C2, NS C4, NS C13 and NS C33 cuts across the lowermost part of the Kupferschiefer horizon.
Oxidized rocks contain relict copper mineralization ( Figure 14A -F) in the form of remnant digenite, covellite, chalcocite and pyrite, partly replaced by iron oxides (hematite and minor goethite). Iron oxides occur in several forms, as pigment, pellets, clumps and mineral aggregates, irregular fine grains dispersed in the matrix, micro-inclusions in sulfides, and earthy masses of lenticular shapes. Complex intergrowths of hematite with digenite ( Figure 14A ), covellite and chalcocite are remarkable, as well as mutual intergrowths with native gold. Very often small amounts of very fine grained specular hematite form a halo around sulfides ( Figure 14B ). Textures of the sulfide minerals are characterized by uneven grain size expressed as macroscopically visible nest-textures, small xenomorphic inclusions and medium-sized composite grains ( Figure 14C ). Sulfide-hematite mineralization is accompanied by accessory minerals, such as: Native gold, silver amalgams, electrum ( Figure 14D ), auricuprite and selenodigenite. Hematite pseudomorphs after framboidal pyrite and other sulfide minerals are regularly found in the oxidized Kupferschiefer ( Figure 14E ). Textures of particular relevance for interpreting the origin include partial replacements of chalcocite ( Figure 14F) , covellite, digenite, bornite, chalcopyrite and pyrite by iron oxides and hydroxides, exhibiting evidence of reaction. Native gold is found in the form of intergrowths with electrum and commonly as inclusions in covellite and tiny crystals scattered in rock matrix ( Figure 14D ). The maximum gold, platinum and palladium contents reach several ppm Au and several hundred ppb Pt and Pd in the oxidized sandstones and shales, comparable to those found in the western areas of the Lubin-Sieroszowice deposit [76] [77] [78] 80, 81] .
In the Nowa Sól deposit, Cu-S-type sulfides (chalcocite, digenite and covellite) are dominant, while Cu-Fe-S-type sulfides (bornite and chalcopyrite) are less abundant. Locally, copper minerals are accompanied by galena, sphalerite and pyrite, and the most common accessory minerals are: Tetrahedrite, native silver, silver amalgams, nickeline, cobaltite, rammelsbergite, stromeyerite and auricuprite. Both in the vertical and horizontal distribution the regularity of the Cu-S-sulfide predominance in the immediate vicinity of the redox border is noticeable (on its reduced side) and the coexistence of Cu-Fe-S-type sulfides over and around the Cu-S zone associated with lead, zinc and iron sulfides further from the redox border (e.g., Wilcze W1). The ore series in the Nowa Sól deposit includes the sandstone, shale and carbonate ore. In the south-western part of the deposit, there is only carbonate ore (NS C3) or shale-carbonate ore (NS C1, NS C2, NS C4, NS C13 and NS C33) over the oxidized intervals, while in the central and eastern part of this deposit all types of ore are present ( Figure 13A ).
Sandstone ore was found in 13 boreholes, with the exception of the following: NS C1, NS C3, NS C4, NS C13, C17B and NS C33, in which the Weissliegend is oxidized. In the NS C2 borehole, in spite of the oxidized nature of the Weissliegend, there is thin upper sandstone ore. The thickness of this ore in the entire area varies considerably from 9 cm in the Jany C3 borehole, to 4.53 m in the Wilcze W1 borehole (the thickness of the entire white sandstone varies from 1.37 m in the NS C13 hole to 16.41 m in the NS C16 borehole). The average thickness of the sandstone ore is 1.75 m. In the sandstone ore, the highest concentrations of copper minerals usually occur in the Weissliegend in The ore series in the Nowa Sól deposit includes the sandstone, shale and carbonate ore. In the south-western part of the deposit, there is only carbonate ore (NS C3) or shale-carbonate ore (NS C1, NS C2, NS C4, NS C13 and NS C33) over the oxidized intervals, while in the central and eastern part of this deposit all types of ore are present ( Figure 13A ).
Sandstone ore was found in 13 boreholes, with the exception of the following: NS C1, NS C3, NS C4, NS C13, C17B and NS C33, in which the Weissliegend is oxidized. In the NS C2 borehole, in spite of the oxidized nature of the Weissliegend, there is thin upper sandstone ore. The thickness of this ore in the entire area varies considerably from 9 cm in the Jany C3 borehole, to 4.53 m in the Wilcze W1 borehole (the thickness of the entire white sandstone varies from 1.37 m in the NS C13 hole to 16.41 m in the NS C16 borehole). The average thickness of the sandstone ore is 1.75 m. In the sandstone ore, the highest concentrations of copper minerals usually occur in the Weissliegend in contact with the Kupferschiefer, where they replace carbonates forming secondary cement. Locally, ore minerals replace detrital grains. The sandstone ore is dominated by chalcocite, which is accompanied by digenite and covellite, whereas the Cu-Fe-S sulfides are not present. The most common mineral assemblages include: Chalcocite with digenite and covellite (Figure 15A,B) and minor bornite. Associated minerals include: Galena, sphalerite, tennantite, rammelsbergite, silver amalgams ( Figure 15B) , native silver and, sporadically, lautite. Large intergrowths of chalcocite with digenite and bornite are common, just as composites of bornite, chalcopyrite, digenite and covellite.
Minerals 2019, 9, x FOR PEER REVIEW  29 of 42 contact with the Kupferschiefer, where they replace carbonates forming secondary cement. Locally, ore minerals replace detrital grains. The sandstone ore is dominated by chalcocite, which is accompanied by digenite and covellite, whereas the Cu-Fe-S sulfides are not present. The most common mineral assemblages include: Chalcocite with digenite and covellite (Figure 15A,B) and minor bornite. Associated minerals include: Galena, sphalerite, tennantite, rammelsbergite, silver amalgams ( Figure 15B) , native silver and, sporadically, lautite. Large intergrowths of chalcocite with digenite and bornite are common, just as composites of bornite, chalcopyrite, digenite and covellite. Shale ore occurs in 15 boreholes, but is absent in NS C16, due to the lack of Kupferschiefer, as well as in NS C3, where the Kupferschiefer is oxidized. The thickness of the shale ore varies slightly from 4 cm to 0.59 m, and the average thickness of the shale ore is 0.22 m. Shale ore in the western part of the Nowa Sól deposit contains associations strongly dominated by chalcocite ( Figure 15C ) Shale ore occurs in 15 boreholes, but is absent in NS C16, due to the lack of Kupferschiefer, as well as in NS C3, where the Kupferschiefer is oxidized. The thickness of the shale ore varies slightly from 4 cm to 0.59 m, and the average thickness of the shale ore is 0.22 m. Shale ore in the western part of the Nowa Sól deposit contains associations strongly dominated by chalcocite ( Figure 15C ) and digenite, which are accompanied by covellite and locally bornite, but in the eastern part is dominated by bornite-chalcocite with sphalerite-galena assemblages ( Figure 15D ) and chalcopyrite-bornite. There are numerous accessory minerals in the form of small inclusions in other ore minerals: Native silver, silver amalgams, auricuprite, seleno-digenite, cobaltite, nickeline, acanthite and stromeyerite. Sulfides occur principally as fine disseminations, but also as coarse grains and scattered blebs, large irregular aggregates, complex composites, flat lenses and nests. Cu sulfides pseudomorphic after framboidal pyrite are common. Ore veinlets of various thicknesses, consistent with or diagonal to shale lamination were locally present.
Carbonate ore was found in 14 boreholes, and it is absent only in boreholes situated in the eastern and northern parts of the Nowa Sól deposit (NS C22, Wilcze W1, Jany C3). In the vast majority, carbonate ore occurs in the lower part of the Zechstein Limestone, but in the NS C3 hole it occupies a position over the oxidized part of the lower Zechstein Limestone. The thickness of the carbonate ore varies considerably from 0.21 m (NS C30) to 3.92 m (NS C4), while the thickness of the Zechstein Limestone varies between 1.73 and 6.19 m. The average thickness of the carbonate ore is 1.58 m. The most common complex intergrowths of chalcocite, bornite and pyrite displaying replacement textures ( Figure 15E ) occur in the western part of this deposit, while galena-sphalerite-bornite-chalcopyrite-pyrite assemblage prevails in the eastern part ( Figure 15F ). These principal sulfides are accompanied by silver amalgams, native silver and tetrahedrite. Ore minerals occur as finely disseminated grains impregnating carbonates, usually concordant with lamination, and as coarse-grained aggregates, composites, nests, open-space filling and also veinlets. Above the ore horizon, low-grade mineralization is composed of galena, sphalerite and pyrite with minor bornite, chalcopyrite, chalcocite, digenite, covellite and silver amalgams.
At the current stage of the Nowa Sól deposit, the indicated resources (calculated in Polish categories C 1 + C 2 ) amount to 10.6 Mt Cu and 36.4 kt Ag, at an average thickness of 2.69 m and 2.03% copper.
According to the technical report and pre-feasibility study prepared for MCC by RungePincockMinarco [108] , mining operations in this area are profitable from an economic point of view. The estimated production costs are US $2670 per ton Cu with underground milling or US $2698 with conventional milling. Geological documentation of the Nowa Sól deposit fulfilling the requirements of Polish law was presented to the Minister of Environment in August 2019. After the Minister's approval it will serve as a basis for a mining license.
The Mozów deposit: This deposit is delineated by four previously studied boreholes (Mozów 1, Kije2, Kije 9 and Kije 10) and two new MCC boreholes (Mozów-1 C1 and Mozów-1 C3; Figure 13B ). The mineralized horizon is at depths from 2100 to 2400 m below ground level. This area is characterized by its very specific distribution of ore in the vertical profile. The bottom part of the Kupferschiefer and the Weissliegend are oxidized (Figures 11 and 12) . Therefore, the mineralized interval starts in the middle or top Kupferschiefer and covers several meters of the Zechstein Limestone.
In the oxidized Weissliegend and the uppermost part of the Kupferschiefer there are only remnants of chalcocite and digenite ( Figure 16A,B) partially replaced by hematite. In the transition zone of the Mozów-1 C1 and Mozów-1 C3 boreholes, native copper, gold, silver, electrum and bismuth along with silver amalgams, stromeyerite and Cu-selenide sulfides have been detected [46, 105] . In spite of the considerable vertical range of Rote Fäule, ore grades can be very high, e.g., in MCC's Mozów-1 C1 borehole copper productivity amounts to 133 kg/m 2 . Currently, the indicated resources (category C2) are 4.4 Mt Cu and 7.3 kt Ag at 2.42% Cu in an average interval of 2.45 m. Additional inferred resources estimated by MCC (Polish category D1) are 8.4 Mt Cu and 11.9 kt Ag. Despite the depth, according to the technical report and pre-feasibility-study [108] , mining operations would be economically feasible. The estimated production costs are US $2705 per ton of copper with underground milling or US $2765 per ton with conventional milling. All calculations for this and the following deposits are based on an expected average copper price of US $3 per 1 lb in a 10-year period. Carbonate-shale ore in the Mozów deposit is dominated by chalcocite that is accompanied by digenite ( Figure 16C ), and covellite, and subordinately by bornite, chalcopyrite, tennantite, galena and pyrite ( Figure 16D ). In the upper mineralized zone, galena, sphalerite and Cu-Fe-S-type sulfides are common ( Figure 16E ). Ore mineralization is complex both in terms of the composition and form of minerals. In the upper carbonate ore chalcopyrite predominates over sphalerite and pyrite, and commonly replaces framboidal pyrite ( Figure 16F ). Typically, in shale ore sulfides occur as fine disseminations, whereas in carbonate ore as coarse aggregates, lenses and nests. Sulfide replacements of carbonates as well as microfauna are common.
In spite of the considerable vertical range of Rote Fäule, ore grades can be very high, e.g., in MCC's Mozów-1 C1 borehole copper productivity amounts to 133 kg/m 2 . Currently, the indicated resources (category C 2 ) are 4.4 Mt Cu and 7.3 kt Ag at 2.42% Cu in an average interval of 2.45 m. Additional inferred resources estimated by MCC (Polish category D 1 ) are 8.4 Mt Cu and 11.9 kt Ag. Despite the depth, according to the technical report and pre-feasibility-study [108] , mining operations would be economically feasible. The estimated production costs are US $2705 per ton of copper with underground milling or US $2765 per ton with conventional milling. All calculations for this and the following deposits are based on an expected average copper price of US $3 per 1 lb in a 10-year period.
As the prospective areas indicate, it is possible to combine the Nowa Sól and Mozów deposits, which probably form one copper belt extending presumably southward towards the Bytom Odrzański deposit.
The Sulmierzyce North deposit: This deposit has been outlined in the northern part of the Sulmierzyce prospective area that is a part of the much larger Sulmierzyce concession ( Figure 13C ). It is intersected by Sulmierzyce 1 (first studied borehole) and four MCC new boreholes (Sulmierzyce C1, C2, C20 and C22). The depth of the mineralized zone ranges between 1400 and 2000 m below ground level.
There is virtually no mineralization in Weissliegend, as this unit is almost entirely oxidized in the whole area. Moreover, in several boreholes (Sulmierzyce 1, C2 and C20) the lowermost part of the Kupferschiefer also displays oxidation. Oxidized rocks contain remnants of covellite, digenite and bornite partly replaced by iron oxides. Hematite pseudomorphs after pyrite framboids are common in oxidized shales. Therefore only carbonate-shale ore occurs here. In spite of this, five boreholes demarcating this deposit (e.g., Sulmierzyce C20 productivity of 241 kg/m 2 ) have very high grade ore in an interval comprising the Kupferschiefer and the Zechstein Limestone ( Figure 10) .
The mineral assemblage consists of Cu-S and Cu-Fe-S-type sulfides ( Figure 17A-F) . Fine disseminations prevail ( Figure 17A,B) but aggregates, lenses and nests are also common ( Figure 17C-F) . In the northern part of this deposit mineralization is dominated by a bornite-chalcocite association ( Figure 17A) , with minor digenite and covellite, as well as rare sphalerite and tennantite, whereas the southern part has bornite-digenite ( Figure 17B ) mineralization accompanied by galena and chalcopyrite ( Figure 17C ). Chalcopyrite is very often replaced by bornite and covellite ( Figure 17C ). There are remarkable replacements of carbonate and detrital grains ( Figure 17D ), as well as chalcocite, digenite, bornite and galena pseudomorphs after pyrite framboids, and the pyrite framboids cemented by bornite or galena. Overgrowths of bornite and covellite with sphalerite accompanied with minor pyrite are very common ( Figure 17E ). In the upper parts of the carbonate ore there are numerous polymineral aggregates composed of bornite, sphalerite, chalcopyrite, covellite, tennantite and pyrite ( Figure 17F) .
The indicated resources of the Sulmierzyce North deposit (in Polish categories C 1 + C 2 ) are estimated at 7.2 Mt Cu and 15.2 kt Ag, with an average thickness of 1.87 m at 2.93% Cu. According to the technical report and pre-feasibility study of RungePincockMinarco [109] , future mining operations are also economically justified. The expected production costs are US $2429 per ton of copper. Geological documentation of this deposit is in preparation and it will be conveyed to the Minister of Environment in 2019. It is also possible to calculate the value of mineral resources including zinc and lead [110] .
The Sulmierzyce concession area is characterized by a patchy distribution of mineralization, which makes tracing its boundaries complicated. The patchy, island-like nature of the Sulmierzyce deposit is somewhat similar to the southern parts of the Polkowice mining area, and strongly differs from the Rudna mine, where the vast majority of mineralization occurs in the Weissliegend. 
The Future of Polish Copper
The latest studies of numerous drillhole cores strongly indicate that the Kupferschiefer series contains a very large volume of prospective resources outside the Lubin-Sieroszowice Copper District. Until the end of the last decade, 17 prospects with the ore zones at depths up to 2000 m were delineated [21] . Areas with prospective resources (Kulów and Luboszyce), adjacent to the Zielona Góra oxidized area and to the documented Lubin-Sieroszowice deposit, deserved particular attention. The Nowiny, Żarków and Mirków areas also became interesting due to accessible depths, along with the Mozów area (including the Jany subarea) -because of high-grade mineralization, as well as the Sulmierzyce area -due to its considerable prospective resources and reasonable depth. Therefore, all of these areas have been covered by exploration concessions that were granted to MCC and other companies [24, 30] . Within all concession areas MCC is continuing its exploration projects. 
The latest studies of numerous drillhole cores strongly indicate that the Kupferschiefer series contains a very large volume of prospective resources outside the Lubin-Sieroszowice Copper District. Until the end of the last decade, 17 prospects with the ore zones at depths up to 2000 m were delineated [21] . Areas with prospective resources (Kulów and Luboszyce), adjacent to the Zielona Góra oxidized area and to the documented Lubin-Sieroszowice deposit, deserved particular attention. The Nowiny,Żarków and Mirków areas also became interesting due to accessible depths, along with the Mozów area (including the Jany subarea) -because of high-grade mineralization, as well as the Sulmierzyce area -due to its considerable prospective resources and reasonable depth. Therefore, all of these areas have been covered by exploration concessions that were granted to MCC and other companies [24, 30] . Within all concession areas MCC is continuing its exploration projects. Due to MCC's new boreholes (18 in the previously unexplored Nowa Sól area, two in the Mozów area and six in the Sulmierzyce area), new boundaries of the Jany-Nowa Sól-Grochowice, Mozów and Sulmierzyce prospects have been delineated ( Figure 13 ).
Currently 35 prospective areas have been delineated throughout SW Poland (Figure 8 ). Potential resources in SW Poland (including results obtained by MCC) are estimated to be approximately 165 Mt Cu and 398 kt Ag (Table 8) , with a significant proportion of them occurring at large depths over 2000 m. Future exploration, development and mining extraction of these prospective resources will be possible when geological and technological barriers (depth, temperature, oil and gas) meet economic trends in the world market [24, 43, 45, 50] .
Extensive deep exploration drilling programs by MCC and other companies are currently implemented to verify the resource potential ( Figure 8 ). Out of the three Cu-Ag deposits newly discovered by MCC (Figure 13 ), Nowa Sól is the first one to achieve geological documentation. According to the Polish law, an investor who has documented a deposit in a minimum category of C 1 can apply for a mining license. After submitting the initial documentation of Nowa Sól in August 2019, MCC plans to continue its drilling operations there. This will enable an increase in the resources and the area of this deposit. The results of additional work will be reported in an annex to the documentation, which will be finalized and conveyed to the Ministry of Environment in early 2021. A mining license in Poland is usually issued for approximately 30 years, with a possibility of future extension. This means that a new copper mine can be constructed in the mid-2020s. It will operate concurrently with the existing mines of the Lubin-Sieroszowice Mining District, whose estimated total resources ensure continuous production for the next 50 to 60 years.
The area above the Nowa Sól deposit consists in 70% of forests. In order to minimize the environmental impact of the conducted activities, the investor has prepared plans for an underground ore processing plant. This will allow the reduction of area occupied by aboveground infrastructure and lower the hoisting costs. The copper concentrate will be pumped to the surface, while most of the tailings will be used underground to produce paste backfill [108, 111] . The paste backfill technology was first introduced in Germany as early as the 1980s and is currently used in several large mines worldwide. Paste backfill is a pumpable, flowable, non-Newtonian fluid consisting of mine tailings and cement. It is prepared from dilute slurries of tailings by dewatering with conventional thickening or filtering. Its use for the protection of mining headings results in a reduced need for mine dewatering, labor and materials savings, lower tailings impoundment requirements, good support properties and reduced spills underground [112] [113] [114] .
The temperature of rocks in the new mines can be as high as 50 to 60 • C. This problem will be alleviated by the use of another modern technology, which involves the cooling of mining headings by ice. It will be generated in a plant below the ground surface and transported to the working area as ice slurry. This solution will allow access of workers to deep headings, and operating costs will also be lower than in a mine cooled with water. For an identical cooling capacity, the required volume of ice is five to six times lower compared to water [115] . The use of ice as a coolant enables the construction of deeper mines, while the pumping costs and the size of cooling machinery are reduced [116] .
In order to improve the economic results predicted by the pre-feasibility studies [108, 109] , the investor is planning to recover additional valuable elements from ore, e.g., Pb and Zn (Figure 18 ).
The primary examples are lead, rhenium and nickel, already produced in the existing mining district, and cobalt, which would be a new by-product for the Polish copper industry. Other components may include rare earth elements, gold and PGE. Due to the size of the mine face, rocks of small thickness below and above the copper-bearing series will also be extracted and subject to ore processing. These rocks host valuable minerals, including noble metals. In the future, when the working face advances to areas of a more polymetallic nature (e.g., the eastern part of Nowa Sól), production of several concentrates will be considered-separately for copper and other metals. obsolete, as they do not take into consideration the above mentioned new technological solutions and continuous advancements in the mining industry. As a result, the assumed maximum depth of a stratiform copper ore deposit is 1500 m below ground level. This would theoretically mean that none of the three above-mentioned new deposits fulfill these criteria due to their depths. Fortunately and rightfully, the Minister's regulation on the matter allows the use of customized parameters, which can be introduced in cases of "exceptional geological conditions". Table 9 . "Investor's parameters"-threshold values of parameters defining a sediment-hosted stratabound copper deposit and its boundaries used by MCC.
Parameter
Unit Threshold Maximum depth of the ore deposit m 2400 Minimum Cu grade in a sample delimiting the ore deposit % 0.3 Minimum Cu equivalent grade taking into account the silver content (Ag) in the profile of the deposit along with gangue interlayers Cue = (% Cu) + 0.01 (g/t Ag) % 0.5
Minimum Cu equivalent productivity of the ore deposit at depths of ≤1900 m kg/m 2 50 Minimum Cu equivalent productivity of the ore deposit at depths of 1900-2400 m kg/m 2 60 Considering the above, MCC had to develop its own criteria, hereinafter called the "investor's parameters". The primary objective of such parameters is to ensure economically feasible extraction Technical plans for future mines assume the use of modern electric machinery for cutting and transporting the ore. Most of the machines will be unmanned and controlled remotely. The smaller number of people working at the face will be compensated for by more workers supervising the remote control system. The ongoing technological progress also allows increasing the production rate due to the use of more efficient underground equipment [42, 117] .
As mentioned earlier, the Minister of the Environment has established threshold parameters defining mineral deposits and their boundaries ( Table 3) . Those values are however somewhat obsolete, as they do not take into consideration the above mentioned new technological solutions and continuous advancements in the mining industry. As a result, the assumed maximum depth of a stratiform copper ore deposit is 1500 m below ground level. This would theoretically mean that none of the three above-mentioned new deposits fulfill these criteria due to their depths. Fortunately and rightfully, the Minister's regulation on the matter allows the use of customized parameters, which can be introduced in cases of "exceptional geological conditions".
Considering the above, MCC had to develop its own criteria, hereinafter called the "investor's parameters". The primary objective of such parameters is to ensure economically feasible extraction and processing of ore. Therefore, their selection was based on the pre-feasibility studies prepared by RungePincockMinarco/RPM Global USA Inc., a world-renowned expert on the construction of deep mines [108, 109, 118] . Taking into account modern technologies and economic analysis, new "investors parameters" were established, as presented in Table 9 . Table 9 . "Investor's parameters"-threshold values of parameters defining a sediment-hosted stratabound copper deposit and its boundaries used by MCC.
Unit Threshold Maximum depth of the ore deposit m 2400 Minimum Cu grade in a sample delimiting the ore deposit % 0.3 Minimum Cu equivalent grade taking into account the silver content (Ag) in the profile of the deposit along with gangue interlayers Cu e = (% Cu) + 0.01 (g/t Ag) % 0.5
Minimum Cu equivalent productivity of the ore deposit at depths of ≤1900 m kg/m 2 50 Minimum Cu equivalent productivity of the ore deposit at depths of 1900-2400 m kg/m 2 60 The maximum depth investigated in the pre-feasibility studies in terms of the economic and technical possibilities of mining extraction was 2400 m, which is why it constitutes one of the investor's parameters. However, deeper deposits could be subject to a similar analysis in the future. According to Goodell et al. [108] , the operating costs of extraction at 2400 m will only be 1% higher compared to a depth of 1900 m (US $39.92 and 39.51 per 1 metric ton of ore, respectively). Nonetheless, a higher required Cu e value has been used for deposits deeper than 1900 m to compensate for additional costs of air conditioning, etc., which will be higher in deeper mines. The overall increase in minimum Cu e compared to state parameters is caused by the necessity to focus on higher quality of ore relative to shallow deposits.
Reduction of the minimum copper grade (Cu) in a sample delimiting the ore deposit will have no significant impact on the feasibility of extraction, as this value is of secondary importance to Cu e . However, the value of 0.3% makes it possible to include in the deposit's resources its top and bottom parts, which are usually extracted anyway due to the dimensions of mining machinery. It should be also pointed out that the minimum weighted average copper equivalent grade parameter remains unchanged compared to Table 3 . The investor's parameters were used to establish the boundaries and calculate the resources of the Nowa Sól, the Mozów and the Sulmierzyce North deposits, as specified in the previous chapter of the present paper.
Expected progress in underground mining at depths exceeding 1500 m will make this approach effective and technically possible.
